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ABSTRACT 

A new procedure has  been developed t o  s tudy  t h e  mechanisms of s h a l e  o i l  
degradation, which occurs dur ing  the  VMIS r e t o r t i n g  process.  The very com- 
plex processes  of o i l  degrada t ion  have been s tud ied  under c a r e f u l l y  cont ro l led  
condi t ions  of temperature,  res idence  t i m e ,  c a r r i e r  gas flow r a t e ,  e t c .  The 
experiments presented i n  t h i s  study have been designed t o  sepa ra t e  the  th ree  
p o t e n t i a l  o i l  l o s s  mechanisms, namely, (1) low temperature coking ( l i qu id  
phase),  ( 2 )  success ive  d i s t i l l a t i o n  ( l i q u i d  phase) ,  and ( 3 )  high temperature 
cracking (vapor phase).  The sha le  o i l  from Occidenta l ' s  r e t o r t  No. 6 has 
been used a s  a s t a r t i n g  ma te r i a l .  The s teady  s t a t e  na tu re  of ope ra t ion  used 
here makes i t  poss ib l e  t o  achieve  an accu ra t e  ma te r i a l  balance f o r  degraded 
products.  I n  t h e  l i q u i d  phase o i l  degrada t ion  experiments,  o i l  w a s  heated 
t o  450°C a t  a l i n e a r  hea t ing  rate of l"C/min i n  both an autogenous atmosphere 

t u r e  coking showed only minor l o s s e s .  A 35 percent o i l  loss occurred during 
success ive  d i s t i l l a t i o n  under autogenous condi t ions .  I t  was reduced t o  1 5  
percent by i n j e c t i o n  of sweep gases ,  e s p e c i a l l y  steam. A t ubu la r  continuous 
flow reac to r  was used t o  s tudy  t h e  vapor phase degrada t ion  under s teady  s t a t e  
condi t ions  of temperatures (425 t o  625°C) and res idence  t i m e  (2 to 1 0  sec )  
with n i t rogen  and steam a s  c a r r i e r  gases .  
t o  a s ses s  the  in f luence  of temperature and res idence  t i m e  on o i l  degradation. 
The k i n e t i c  d a t a  were analyzed by a f i r s t  o rder  r a t e  equation g iv ing  an a c t i -  
va t ion  energy of 17.3 kcal/mole. 

and using var ious  sweep gases  such a s  steam, N2, CO2,  CO and H2. Low tempera- I 

I 

I 

A 32 f a c t o r i a l  des ign  w a s  conducted 

, 

INTRODUCTION 

Shale o i l  is a p o t e n t i a l l y  important f o s s i l  f u e l  which could augment energy , 
supp l i e s  i n  f u t u r e  years .  
a new and v i a b l e  method f o r  ex t r ac t ing  o i l  from s h a l e .  A key cons idera t ion  in  
t h i s  new and r ap id ly  developing technology i s  the  problem of maximizing o i l  
recovery from each underground r e t o r t ,  s i n c e  thousands of r e t o r t s  w i l l  be 
requi red .  In  t h i s  process gas  composition, temperature,  hea t ing  r a t e ,  p a r t i c l e  
s i z e  d i s t r i b u t i o n  and r e t o r t i n g  r a t e s  are major f a c t o r s .  Low o i l  y i e l d s  have 
been observed from t e s t s  on l a r g e  r e t o r t s .  
during t h e  py ro lys i s  of o i l  s h a l e  a r e  q u i t e  s u b s t a n t i a l ,  a cons iderable  amount 
of work i s  d i r ec t ed  towards the  e luc ida t ion  of o i l  l o s s  mechanisms. 1-12 Within 
a r e t o r t ,  one encounters a s i t u a t i o n  downstream of the  r e t o r t i n g  f r o n t  where 
product o i l  condenses on t h e  raw sha le .  O i l  trapped i n  t h i s  zone can be exposed 
t o  modest temperatures f o r  months. This l eads  t o  low temperature o i l  degrada- 
t i o n  by coking. A t  t h e  lead ing  edge of the thermal wave, a continuous vapori- 
za t ion  and condensation of o i l  w i l l  occur which may a l s o  cause s i g n i f i c a n t  o i l  
degradation. 

Modified i n - s i t u  r e t o r t i n g  of o i l  sha l e  may o f f e r  

Since the  o i l  l o s ses  t h a t  occur 

In the  VMIS process ,  loss  i n  o i l  y i e l d s  a l s o  resul ts  from the  
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l a r g e  p a r t i c l e s  and wide s i z e  d i s t r i b u t i o n s .  The l a r g e  blocks a r e  heated a t  a 
slower r a t e  than the  surrounding mat r ix  because of poor hea t  t r a n s f e r .  The 
exposure of o i l  vapor, l i b e r a t e d  from l a rge  p a r t i c l e s ,  t o  high temperatures 
l eads  t o  i t s  thermal degradation. Severa l  f a c t o r s  con t r ibu te  t o  t h e  degradation 
mechanisms among which res idence  t i m e ,  temperature,  and sweep gas atmosphere a r e  
prominent candidates.  It is we l l  known t h a t  o i l  sha l e s  (raw and spen t )  could 
c a t a l y t i c a l l y  i n i t i a t e  c e r t a i n  undesired r eac t ions  lead ing  t o  o i l  l o s s .  I t  i s  
a l s o  conceivable t h a t  t h e  mechanism respons ib le  f o r  l i q u i d  phase o i l  degrada- 
t i o n  is  d i f f e r e n t  from t h a t  f o r  vapor phase one. 

When hydrocarbons a r e  brought t o  high temperature,  they undergo thermal 
cracking v i a  f r e e  r a d i c a l  mechanisms. The r a d i c a l s  thus formed can undergo 
s c i s s i o n  t o  g ive  l a r g e  amounts of e thylene .  Jacobson, e t  a l l  observed t h a t  
during o i l  sha l e  py ro lys i s ,  e thy lene /e thane  r a t i o  increased  wi th  temperature.  
Based on these  f ind ings ,  they developed t h e  r e t o r t i n g  index (R.  I . )  which i s  
given by the  following equat ion:  

1000 
R . I .  = To (F) = e thylene  

0.8868 - 0.4007 log e t h a n e  

The r a t i o  of ethylene t o  e thane  was found t o  depend upon t h e  hea t ing  r a t e  and 
res idence  time. 
and p a r t i c l e  s i z e  on o i l  evolu t ion  and i n t r a p a r t i c l e  o i l  degradation. They 
co r re l a t ed  the  alkene/alkane r a t i o  t o  t h e  l i q u i d  phase o i l  degrada t ion  (coking) . 3  
Duringthe l a s t  few yea r s ,  t he  a lkene /a lkane  r a t i o n  has been used ex tens ive ly  
a s  an index of thermal degradation.5-9 
o i l  degradation mechanism i n  vapor phase with raw o i l  sha l e  a s  t h e  s t a r t i n g  
ma te r i a l .  I t  was found t h a t  t he  a lkene  t o  alkane r a t i o  decreases  with 
increased coking whi le  i t  inc reases  with inc rease  i n  craclcing of t he  sha le  o i l .  
I f  both reac t ions  occur simultaneously one cannot use t h i s  r a t i o  a s  an index 
of o i l  degradation. Hence, a naphthaleT5/ (C1 C12)s t ra ight  chain hydrocarbons 
r a t i o  was recommended by Burnham, e t  a 1  a s  an  index of cracking o r  vapor phase 
o i l  l o s s .  

Campbell, e t  a12, have s tud ied  t h e  e f f e c t  of hea t ing  r a t e  

Burnham, e t  a1 10,15916 have s tud ied  the  

The experiments presented i n  t h i s  s tudy  were designed i n  such a way a s  t o  
s epa ra t e  the  following processes :  

1. Low temperature coking ( l i qu id  phase).  
2. Successive d i s t i l l a t i o n  ( l i qu id  phase) ,  and 
3 .  High temperature cracking (vapor phase) .  

Such a design y ie lded  information about t h e  most important f e a t u r e s  of l i q u i d  
and vapor phase o i l  degradation. I n  t h i s  s tudy ,  sha l e  o i l  w a s  used t o  permit 
accura te  cha rac t e r i za t ion  of t h e  s t a r t i n g  ma te r i a l  i n  con t r a s t  t o  o the r  s t u d i e s  
which used the  o i l  generated by hea t ing  o i l  sha l e  i n  a small labora tory-sca le  
r e t o r t .  Advantages and disadvantages of t h e  approach used i n  t h e  present  study 
a r e  described below. Advantages a r e  a s  follows: 

1. The feed can be w e l l  cha rac t e r i zed  and compared t o  the  

2 .  Since the  experiment i s  operated i n  a steady s t a t e  manner, 
degraded product.  

an accu ra t e  ma te r i a l  balance f o r  degraded products i s  achieved. 
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1 
Because of t h e  s teady  s t a t e  and continuous na tu re  of operation 
used he re ,  res idence  t i m e  can be  determined and con t ro l l ed  
more p r e c i s e l y  a s  compared t o  batch opera t ion  s t u d i e s .  In  the  
l a t t e r  s t u d i e s  t h e  ba tch  mettiod of oil genera t ion  makes the  
determination and con t ro l  of res idence  t i m e  r a t h e r  d i f f i c u l t ,  
and in t roduces  time varying feed r a t e .  

I t  is poss ib l e  t o  i n v e s t i g a t e  t h e  e f f e c t  of minera l  matter 
present  i n  t h e  s h a l e  o i l  e i t h e r  as c o l l o i d a l  suspension o r  i n  
so lu t ion .  By using t h e  t o t a l  molecular weight d i s t r i b u t i o n ,  
e f f e c t s  such as au to -ca t a ly t i c  c racking ,  i f  i t  occurs ,  can be 
s tudied .  

The s h a l e  o i l  used i n  t h i s  s tudy  was from Occidenta l ' s  r e t o r t  
No. 6 and w a s  t hus  c h a r a c t e r i s t i c  of t h e  o i l  product from a 
la rge-sca le  r e t o r t .  

( 

I 

i 

The shortcomings of t h i s  approach a r e  few and may be  overcome. 

1. The feed o i l  has  a l r eady  been exposed t o  some undetermined 
amount of degrada t ion  which may a f f e c t  i t s  subsequent behavior. 
One way t o  overcome t h i s  problem is  t o  t e s t  t he  o i l  from 
var ious  sources .  

2. Storage of t h e  o i l  f o r  a prologged time may a l t e r  i t s  p rope r t i e s  

This problem can b e  avoided by obtaining 
and composition. Very l i t t l e  l i t e r a t u r e  da t a  a r e  a v a i l a b l e  on I 

t h e  e f f e c t  of s to rage .  
f r e s h  samples of o i l .  

r 
Oil may con ta in  a c o l l o i d a l  suspension of minera ls  which might 
ca t a lyze  the  o i l  degrada t ion  o r  c racking .  This phenomenon , 
needs f u r t h e r  s tudy  involving f i l t r a t i o n  o r  deminera l iza t ion  
of o i l .  

3. 

I n  t h i s  paper ,  r e s u l t s  ob ta ined  by sub jec t ing  the  o i l  t o  coking condftions 
(low temperature soaking and success ive  d i s t i l l a t i o n )  w i l l  be  compared t o  those 
obtained by t r e a t i n g  the  s h a l e  o i l  under cracking condi t ions .  
e f f e c t  of c a r r i e r  gas such a s  steam, N 2 ,  C 0 2 ,  CO and H2 on low temperature 
l i q u i d  phase degrada t ion  w i l l  be  d iscussed .  

I n  add i t ion ,  

EXPERIMENTAL PROCEDURE 

L I Q U I D  PHASE DEGRADATION 

Apparatus 

A standard bench-scale g lassware  assembly was  used. The apparatus cons is ted  
of a heating mantle,  a 4-necked f l a s k  (3000 ml ) ,  s t i r rer ,  spa rge r ,  condensers 
and r ece ive r s  f o r  l i q u i d ,  and gas  samples. 
ments, a r e f l u x  condenser was used t o  r e t u r n  t h e  o i l  vapor t o  the  hea t ing  f l a s k ,  
whi le  i n  t h e  success ive  d i s t i l l a t i o n s  a r egu la r  condenser was used and low boi l -  
ing  f r a c t i o n s  were co l l ec t ed  i n  t h e  r ece ive r s .  
i n  an aotogenoas environment, a s t i r r e r  was used t o  ensure uniform mixing and 
avoid spur t ing .  
a sparger w a s  used t o  bubble the  gas  through t h e  s h a l e  o i l .  

I n  low-temperature soaking experi-  

When experiments were performed 

When the  experiments were c a r r i e d  out  i n  sweep gas  environment 

I 
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Procedure 

Low-Temperature Soaking 

About 1 l i te r  of s h a l e  o i l  was placed i n  the  4-necked f l a s k .  The f l a s k  was 
covered with g l a s s  wool i n  order  t o  i n s u l a t e  i t  from t h e  surroundings.  The 
f l a s k  was then heated gradual ly  a t  t he  r a t e  of l"C/min t o  the  des i r ed  temperatures 
(170 t o  400°C) with cons tan t  s t i r r i n g .  
+ l 0 C  by means of a temperature c o n t r o l l e r  and a v a r i a c .  T i m e  of thermal t r e a t -  
ment was about 10 t o  1 2  hours. The low-boiling, condensable o i l  f r a c t i o n s  were 
co l l ec t ed  i n  the r ece ive r  whi le  t he  gas  produced, i f  any, was co l l ec t ed  i n  the  
gas samplers. The sha le  o i l  (before  and a f t e r  thermal t rea tment )  and conden- l 3  
Sate  were analyzed on a c a p i l l a r y  column gas chromatograph a s  descr ibed  earlier. 
while t he  hydrocarbon and permanent gases were analyzed by us ing  
6- f t  long 

The temperature was con t ro l l ed  wi th in  

1 /8  i n .  i .d .  
Poropak Q and Molecular Sieve 13X columns. 

Successive D i s t i l l a t i o n  

The procedure w a s  s i m i l a r  t o  t h a t  described i n  the  preceding paragraph 
except t h a t  a f t e r  each d i s t i l l a t i o n  the  condensate was mixed with the  r e s idue  
i n  t h e  s t i l l  and t h e  mixture was r e d i s t i l l e d  u n t i l  no apprec i ab le  loss  due t o  
coke formation OK gas  evo lu t ion  was observed. The c a r r i e r  gas w a s  introduced 
through the  s i d e  tube during the  d i s t i l l a t i o n .  

The l i qu id  products (condensate and r e s idue  i n  the  f l a s k )  w e r e  analyzed on 
a SP-2100 fused s i l i c a  column by using an HP 5840 A gas chromatograph; t h e  gas  
a n a l y s i s  was performed on Poropak Q and carbosieve columns by using an HP 5840 
gas  chromatograph. Condensate and r e s idue  i n  the  d i s t i l l a t i o n  f l a s k  w e r e  
weighed. A known amount of methylene ch lo r ide  was then added t o  t h e  d i s t i l l a -  
t i o n  f l a s k  so as t o  d i s so lve  t h e  t a r - l i k e  organic ma t t e r .  The f l a s k  was 
reweighed, the  d i f f e r e n c e  between t h e  two readings was taken as t h e  amount of 
coke formed during these  experiments. By measuring t h e  amount of gas ,  conden- 
s a t e  and res idue ,  a mate r i a l  balance of 98 percent was achieved. 

\ 

VAPOR PHASE OIL DEGRADATION 

Apparatus 

A tubular  continuous flow r e a c t o r ,  wi th  on-line gas chromatograph, w a s  used 
t o  s tudy  the  vapor phase o i l  degrada t ion  under s teady  s t a t e  cond i t ions  of 
temperature and res idence  t i m e .  F i sher  and Por t e r  flow meters (model 10A1379) 
were used t o  con t ro l  t h e  flow r a t e s  of n i t rogen  and water be fo re  they en tered  
t h e  perhea ters .  Shale o i l  w a s  i n j e c t e d  i n t o  t h e  stream of c a r r i e r  gas a t  a 
s teady  r a t e  by means of a Sage sy r inge  pump model 341. Glass-l ined s t a i n l e s s -  
s t e e l  tubes (8 mm i . d . ,  200 mm long) were used t o  genera te  steam from water 
and t o  heat t he  f l u i d  mixture to  about 400'C before  i t s  en t ry  i n t o  the  r e a c t o r .  
The maximum res idence  t i m e  of t h e  f l u i d  i n  t h e  prehea ters  was less than 1 sec 
( a t  t h e  lowest flow r a t e ) .  The thermal degrada t ion  of o i l  ( a t  400°C) a t  t h e  
e x i t  of t h e  prehea ters  was predetermined; i t  w a s  l e s s  than 1 percent .  An 
empty quar tz  tube (25 mm i . d .  and 300 nun long) served a s  a r e a c t o r  i n  the  pre-  
s e n t  study. The r eac to r  was hea ted  by means of a Lindberg heavy duty tubu la r  
furnace ,  the  temperature of which was con t ro l l ed  wi th in  f l o c  by a Lindberg 
temperature c o n t r o l l e r .  The product c o l l e c t i o n  assembly cons i s t ed  of conden- 
sers and r ece ive r s ,  and e i t h e r  a f i l t e r  o r  an e l e c t r o s t a t i c  p r e c i p i t a t o r  t o  
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prevent t h e  o i l  vapor ( ae roso l )  from escaping wi th  t h e  uncondensable gases. 
The gases passed through a flow meter and a gas  sampling va lve  t o  t h e  gas 
chromatograph (HP 5840)  f o r  pe r iod ic  a n a l y s i s .  

Procedure 

The r e a c t o r  and p rehea te r s  were heated t o  the  des i red  tempeyature i n  a flow 
of n i t rogen .  
flow rate were a t t a i n e d  (about 3 t o  4 hours) ,  sha l e  o i l  was metered through the 
sage  pump a t  a f ixed  r a t e  (-0.75 ml/min.). 
was used, water was s imul taneous ly  i n j e c t e d  i n t o  t h e  c a r r i e r  gas and heated i n  
a s epa ra t e  prehea ter .  The steam to  n i t rogen  r a t i o  (vo l /vo l )  was 0 . 3 .  The 
residence t i m e  w a s  va r i ed  by varying t h e  flow r a t e s  of c a r r i e r  gas.  The e f f e c t s  
of residence t i m e  and temperature were assessed by s tudying  the  r eac t ion  a t  
temperatures between 425 and 626°C and res idence  t i m e  ranging from 2 t o  1 0  sec.  
Duration of each run (with s h a l e  o i l  flow) was about 1-1/2 hours,  which was 
considered t o  be s u f f i c i e n t  f o r  t h e  system t o  a t t a i n  equi l ibr ium.  The t o t a l  
l i qu id  product mix was c o l l e c t e d  and weighed f o r  mass balance.  Liquid and 
gases were analyzed by gas  chromatography as descr ibed  e a r l i e r .  The r eac to r  
was weighed be fo re  (Wi) and a f t e r  t h e  r eac t ion .  A known amount of methylene 
ch lo r ide  w a s  added t o  t he  r e a c t o r  t o  d i s so lve  the  t a r - l i k e  so lub le  ma te r i a l  
formed during t h e  r eac t ion .  The r eac to r  was d r i ed  i n  a i r  and reweighed (Wf). 
The d i f f e rence  between t h e  f i n a l  weight (Wf) and i n i t i a l  weight (W,) gave the 
amount of coke formed. The f low meter a t  the  e x i t  of the  appara tus  gave the 
amount of gases  evolved dur ing  t h e  r eac t ion .  The t o t a l  o i l  loss  was defined 
a s  follows 

Af ter  t h e  s t eady  s t a t e  cond i t ions  of temperature and n i t rogen  

During experiments i n  which steam 

% Tota l  o i l  l o s s  = (amount of o i l  fed-amount of condensate 100 
amount of o i l  fed 

A t o t a l  m a t e r i a l  recovery c a l c u l a t e d  from amount of condensate,  gas  and 
coke was between 95 t o  98 percent .  

As i nd ica t ed  e a r l i e r ,  s e v e r a l  r e sea rche r s  have been using ethylene/ethane, 
alkene/elkane and naphtha lene / (c l1+ C12) hydro-carbon r a t i o s  t o  determine the 
ex ten t  of  degradation. In a d d i t i o n  t o  these  r a t i o s ,  hydrocarbon gas/coke r a t i o  
was a l s o  monitored i n  t h e  p re sen t  s tudy .  

RESULTS AND DISCUSSION 

Low Temperature Soaking 

The r e s u l t s  obtained by r e f lux ing  t h e  s h a l e  o i l  a t  a cons tan t  temperature 
a r e  presented i n  Table 1. No no t i ceab le  o i l  loss  occurs u n t i l  a temperature of 
300'C is reached. 
which i n d i c a t e s  t h e  commencement of o i l  degrada t ion  a t  these  e leva ted  tempera- 
t u r e s .  The amount of gas  c o l l e c t e d  was, however, q u i t e  small  (%3 percent )  a t  
400'C. Table 2 gives  t h e  a n a l y s i s  of gas  samples  co l l ec t ed  a t  400'C. 

Successive D i s t i l l a t i o n  

Gas evo lu t ion  occurred a t  temperatures higher than  300"C, 

During success ive  d i s t i l l a t i o n  and condensation, a cons iderable  amount of O i l  
i s  converted i n t o  coke and hydrocarbon gases.  
t o  coking and gas  formation dur ing  success ive  d i s t i l l a t i o n  of  s h a l e  o i l  (with 
and without add i t ion  of c a r r i e r  gases)  a r e  shown i n  F igures  1, 2 and 3 ,  
r e spec t ive ly .  

Overa l l  o i l  l o s s e s  and those  due 
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Figure 1 shows t h a t  i n  t h e  absence of c a r r i e r  gas the  t o t a l  o i l  l o s s  a t  t h e  
end of f i v e  d i s t i l l a t i o n  runs was as high a s  3 5  percent .  About 10 t o  15 per- 
Cel t  of t h e  i n i t i a l  o i l  i s  converted t o  hydrocarbon gas  whi le  t h e  rest under- 
goes s l o w  polymerization leading  t o  s o l i d i f i c a t i o n  (coke format ion) ;  gas t o  
coke r a t i o  remained cons tan t  around 0.5 t o  0.55. No apprec iab le  amount of 
thermal degradation was observed below 3 0 0 ' C .  A t  temperatures above 4 0 0 ° C ,  a 
cons iderable  amount of gas evolved and a t  45OoC, a s o l i d  r e s idue  (coke) was 
obtained. Hydrocarbon gases evolved a r e  r i c h e r  i n  ethane than i n  e thylene  
(Figure 4 ) .  This phenomenon i s  j u s t  t he  oppos i te  of t h a t  observed i n  vapor 
phase o i l  ge rada t ion .  These f ind ings  a r e  i n  accordance wi th  t h e  repor ted  
l i t e r a t u r e  9 '  and suggest t h a t  t h e  mechanism respons ib le  f o r  t h e  o i l  loss  i n  
l i q u i d  phase is d i f f e r e n t  from t h a t  occur r ing  i n  vapor phase. 

Addition of c a r r i e r  gas  has a b e n e f i c i a l  e f f e c t  on o i l  y i e l d .  When a mix- 
t u r e  of steam and n i t rogen  was bubbled through the  sha le  o i l ,  a t o t a l  o i l  l o s s  
of 13  percent was observed whi le  t he  i n j e c t i o n  of n i t rogen  a lone  r e su l t ed  i n  
a t o t a l  l o s s  of 2 0  percent (F igure  1 ) .  The use of carbon d ioxide  r e su l t ed  i n  
18  percent o i l  l o s s  whereas carbon monoxide and hydrogen r e s u l t e d  i n  1 7  and 
15 percent o i l  l o s s ,  r e spec t ive ly .  To ta l  o i l  l o s s  decreases  by the  add i t ion  
of c a r r i e r  gas because of t he  f a c t  t h a t  a major po r t ion  of t he  o i l  i s  d i s -  
t i l l e d  over a t  much lower temperatures ( < 3 O O 0 C )  a s  compared t o  t h e  run i n  which 
no c a r r i e r  gas is used, thus has l e s s  exposure t o  t h e  high temperature.  

Figure 3 shows t h a t  about 2 4  percent coke was formed a t  t h e  end of f i v e  
d i s t i l l a t i o n  runs when no c a r r i e r  gas  was in j ec t ed .  The use  of c a r r i e r  gas  
reduced the  amount of coke formed. A mixture of steam and n i t rogen  r e su l t ed  
i n  2 t o  3 percent coke a s  compared t o  10  percent when n i t rogen ,  carbon d ioxide ,  
and carbon monoxide w a s  passed. When hydrogen was used as a c a r r i e r  gas about 
7 percent of t he  o i l  was converted t o  coke (Figure 3) .  Subs tan t i a l  decrease  
i n  the  amount of coke formed when steam is  added sugges ts  t h a t  steam r e a c t s  
wi th  coke t o  g ive  gaseous products ,  according to  t h e  coke steam (C + H 2 0 - t  CO 
+ H29) and the  water gas s h i f t  (CO + H 2  -+ COP + Hg) r eac t ion .  Indeed, t h e  
gas  ana lys i s  shows increased  CO2 and H2 concent ra t ions  thereby subs t an t i a t ing  
t h e  occurrence of above-mentioned r eac t ions .  

Figure 3 shows t h a t  t h e  t o t a l  hydrocarbon gas evolved was 1 3  percent when 
no c a r r i e r  gas was used. About 10 percent hydrocarbon gas  evolved when a mix- 
t u r e  of steam and n i t rogen  was used a s  compared t o  6 percent  with hydrogen, 
carbon dioxide and carbon monoxide a s  a c a r r i e r  gas .  

The use of steam re su l t ed  i n  lowest o i l  l o s s e s  because steam reduces t h e  
bo i l ing  poin t  of most of t h e  compounds present  i n  sha le  o i l  and thus the  o i l  
i s  not exposed t o  high temperatures.  Gas a n a l y s i s  f o r  success ive  d i s t i l l a t i o n  
(without c a r r i e r  gas )  i s  presented i n  Table 2 .  The e thylene le thane  r a t i o  i s  
p l o t t e d  a s  a func t ion  of t he  number of d i s t i l l a t i o n  i n  F igure  4 .  It decreases 
from 0.25 t o  0.15 and remains p r a c t i c a l l y  unchanged beyond t h i s  po in t .  

VAPOR PHASE O I L  DEGRADATION 

Vapor phase thermal degrada t ion  of sha le  o i l  was s tud ieg  a s  a func t ion  of 
two va r i ab le s ,  namely, temperature and res idence  t i m e .  A 3 f a c t o r i a l  des ign  
of experiments was used t o  i n v e s t i g a t e  t h e  main e f f e c t s  and i n t e r a c t i o n s  of 
t hese  two parameters with o i l  y i e l d  a s  t he  response.  E f fec t  of steam on o i l  
degradation formed another  important p a r t  of t h i s  i nves t iga t ion .  
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The dependence of o i l  degrada t ion  on temperatore and res idence  t i m e  i s  pre- 
sebted i n  Figure 5 ,  from which i t  can be seen  t h a t  t h e  o i l  l o s s  i nc reases  from 
18 percent  a t  425°C t o  about 5 5  t o  60  percent  a t  625°C ( res idence  time 1.8 t o  9 
s e c . ) .  
maximum l e v e l  a t  about 6 sec  ( res idence  t ime) ,  beyond which the  r a t e  slows down 
considerably.  Thus, a t  h igher  temperatures,  i nc rease  i n  res idence  time beyond 
6 sec does no t  seem t o  have an  apprec iab le  e f f e c t .  A t  r e l a t i v e l y  lower temper- 
a tu re s  (below 5OO0C), about 20 t o  25 percent o i l  l o s s  i s  observed, which indi-  
ca t e s  t h a t  even a t  these  tempera tures ,  a s i g n i f i c a n t  amount of o i l  undergoes 
degradation. 

It should be not iced  h e r e  t h a t  t h e  o i l  l o s s  curve a t  625'C reaches a 

The condi t ions  under which t h e  cracking w a s  c a r r i e d  ou t  r ep resen t  those 
e x i s t i n g  i n s i d e  the  l a r g e  b locks  i n  an in - s i tu  r e t o r t .  The p resen t  r e s u l t s  
demonstrate t h a t  the  o i l  genera ted  i n  t h e  i n t e r i o r  of t hese  l a r g e  blocks w i l l  
s u f f e r  ex tens ive  degrada t ion  (-50 percent )  a s  i t  migra tes  t o  the  hot block 
sur face .  

The in f luence  of t h e  two s a c t o r s ,  res idence  t i m e  (xl) and temperature 
(x2) was determined us ing  a 3 
l e v e l s  of each f a c t o r  w i l l  be des igna ted  by -1, 0, and 1, whi le  t h e  u n i t s  of 
t h e  design w i l l  be denoted by 

f a c t o r i a l  des ign  of experiments.  The th ree  

time - 5 temp - 525 
100 x1 = ~ and x 2  = 3 

The o i l  l o s s e s  (y) were measured a t  temperatures of  4 2 5 ,  525 and 62SoC, and 
res idence  times of 2 ,  5 and 8 sec. It w a s  assumed t h a t  a second-degree 
equation of t he  type 

would c o r r e l a t e  t h e  o i l  l o s s  (y) t o  t h e  temperature and t f a e  adequately.  
c o e f f i c i e n t s ,  evaluated by t h e  method ou t l ined  by Davies, were subs t i t u t ed  
i n  Equation (I) t o  g ive  t h e  following equation 

The 

y = 21.70 + 9 . 6 0 ~ ~  + 18.0 x2 - 3 . 4 ~ ~  2 + 8 . 2 6 ~ ~  2 t 2.82 x1x2 ( 2 )  

Fig. 6 shows a good agreement between t h e  experimental  d a t a  and the  r e s u l t s  
ca l cu la t ed  from Equation ( 2 )  wi th  c o e f f i c i e n t  of c o r r e l a t i o n  c lose  t o  0.99.  
Thus, one can use  Equation (2)  t o  p r e d i c t  t h e  percent  o i l  degrada t ion  a t  425 
t o  625°C and 2 t o  10 sec r e s idence  t i m e .  

The d a t a  presented i n  F igure  5 a r e  used t o  ob ta in  the  r a t e  equation f o r  
t o t a l  o i l  degrada t ion .  K ine t i c s  of t h e  o i l  egrada t ion  o r  cracking can be 
co r re l a t ed  by a f i r s t  o rde r  r a t e  express ion:  9 0  
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where x is the fraction of oil lost t is the residence time (sec), and k is 
the first order rate constant (sec-!). Table 3 compares thyOk values computed 
from Equation (3) with those reported by Burnham and Taylor and reveals very 
clearly the two regions of interest; the low temperature region, 400 to 500°C, 
and the high temperature region above 500°C. The k value obtained at 475°C in 
the present study is '2 to 2.5 times higher than the value reported by them at 
506"C, which suggests that the oil yields show strong sensitivity to degrada- 
tion even at lower temperatures. At higher tyvperatures, the present results 
are in fairly good agreement with their data. 

Activation energy of 17.3 kcal/mole was obtained from the Aftjhenius plot. 
The activation of 37.1 kcal/mole reported by Burnham and Taylor for thermal 
cracking of shale oil over burnt shale at 5OO0C is much higher than that found 
in the present study. 
tion suggests certain catalytic or auto-catalytic effects exhibited by certain 
compounds (mineral matter) present in shale or those evolved during the crack- 
ing reaction (for example, H2S). 

The low activation energy observed in this investiga- 

Figure 7 gives the production of methane as a function of time and temper- 
Increase in temperature from 425 to 625°C increases the weight percent ature. 

of methane by a factor of 6. This data was used to obtain the specific rate 
constants and activation energy for methane production. In this case also a low 
value of activation energy (13 kcal/mole) was obtained which supports our 
supposition that certain autocatalytic effects are taking part in shale oil 
cracking. 

The effect of steam was investigated at various temperatures and residence 
time. It was not surprising to note that the addition of steam decreased the 
coke build-up in the reactor. However, it did not  seem to have any beneficial 
effect in reducing the overall oil loss. Hydrocarbon gas/coke, ethylene/ethane 
and naphthalene/(Cll+ C12 ) hydrocarbons ratios were monitored during the 
course of cracking reaction. The increase in these ratios clearly shows that 
the cracking reaction dominates at high temperatures and that the chemical 
reactions taking place in vapor phase degradation are different from those in 
liquid phase degradation. 

The ratio of hydrocarbon gases to coke formed during the reaction is 
plotted as a function of temperature in Figure 8 at two residence times ( 3  and 
8 sec). 
observed. Increase in this ratio with temperature suggests that the cracking 
is more prevalent than coking at higher temperatures. 

Both the curves exhibit maximum at 525'C beyond which a plateau is 

The ethylene/ethane ratio is plotted as a function of temperature (resi- 
dence time %5 sec) and oil loss in Fig. 9. It increases with increase in 
temperature and oil loss. An interesting phenomenon is that at low temperatures 
(below 500"C)the ethylene/ethane ratio decreases slightly with an increase in 
residence time (at a fixed temperature) while at higher temperatures the ratio 
remains practically constant (independent of- the residence time. 

It is worth mentioning here that the ethylene/ethane ratio is also a func- 
tion of whether the oil degradation has taken place in vapor phase or liquid 
phase. 
while it decreases when the oil suffers degradation in liquid phase. 
results also suggest the mechanism operative in vapor phase is different from 
that in liquid phase. 

The ratio increases if the oil is subjected to vapor phase degradation, 
These 
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The naphthalene/C11 + C 1 2  ) hydrocarbon r a t i o  was monitored during the 
sha le  o i l  cracking. 
ove ra l l  o i l  l o s s  wi th  t h i s  r a t i o :  

The fo l lowing  express ion  was developed t o  c o r r e l a t e  the  
I 

2 
% o i l  l o s s  = -0.0185 + 0.129 R + 1.134 R , 

i 

where R i s  naphathalene/(C11 + 
t h e  sum of undecane, 1-undecene, dodecane and 1-dodecene. 

C12 ) hydrocarbons r a t i o  and ( C l l  + C I 2  ) is  

‘r 
Figure 10 g ives  t h e  chromatograms of two s h a l e  o i l  samples, one of which 

w a s  subjected t o  success ive  d i s t i l l a t i o n  whi le  t h e  o the r  one underwent vapor 
phase thermal degrada t ion  a t  625°C. A d i s t i n c t i v e  f e a t u r e  t h a t  needs fu r the r  / 

cons idera t ion  is  t h e  a lkene /a lkane  r a t i o .  The chromatograms exh ib i t  t he  
c h a r a c t e r i s t i c  homologous hydrocarbon s e r i e s  ranging from C:a through C 2 0  with 
the  f i rs t  peak of each double t  corresponding t o  the  1-alkene. The sample 
t rea ted  i n  l i q u i d  phase seems t o  be r i c h e r  i n  a lkane  than i n  a lkene  ( the  r a t i o  
alkene/alkane < 1) while t h a t  t r e a t e d  a t  625’C i n  vapor phase has an  a lkece /  
alkane r a t i o  f o r  ( C I 1  .C I2 , . . . )  g r e a t e r  

Uden, et  a l .  

These r e s  1 6 a ree f a i r l y  
of Burnham, e t  a 1  F k ~ P 6 U n ~ ~ ~ p b e l l ,  e t  a,’, 5 ,  :nd 

CONCLUSIONS 

The present  r e s u l t s  lead  UE t o  t he  following conclus ions :  

1. The experimental  des ign  descr ibed  i n  t h i s  paper permits a separa te  
study of t h e  p r i n c i p a l  mechanisms of s h a l e  o i l  degradation under steady s t a t e  
conditions equiva len t  t o  r e t o r t i n g  condi t ions .  , 

2. Low-temperature, long-term soaking below 300°C showed only minor o i l  
losses  while success ive  d i s t i l l a t i o n  and condesation under autogenous conditions 
showed cons iderable  o i l  l o s s e s  (2.35 pe rcen t ) .  During vapor phase thermal crack- 
ing  about 55 percent  o i l  l o s s  occurs over 5 t o  6 sec  ( res idence  t ime) a t  625’C. 

3. The steam suppressed coke formation and o i l  degrada t ion  during 
successive d i s t i l l a t i o n s  ( l i q u i d  phase) but i t  did n o t  seem t o  reduce t h e  over- 
a l l  o i l  loss  dur ing  vapor phase thermal cracking. 

4 .  The i n j e c t i o n  of c a r r i e r  g a s  during d i s t i l l a t i o n  helped i n  reducing I 
t o t a l  o i l  loss .  

5 .  The e thylene /e thane  and a lkene /a lkane  r a t i o s  decreased when o i l  
suf fe red  degrada t ion  i n  l i q u i d  phase (coking) while a l l  t he  r a t i o s  used as 
indices of  o i l  degrada t ion  inc reased  w i t h  i nc rease  i n  o i l  loss  due t o  cracking 
(vapor phase).  

6. Minimizing t h e  gas phase res idence  time i n  l a r g e  r e t o r t s  should 
improve o i l  y i e l d s .  
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Table 1 

Low Temperature Soaking Resu l t s  Under Re f lux ing  Cond i t i ons  

Temperature Coke L i q u i d  Condensate Gases L i q u i d  i n  S t i l l  
( " C )  (%Wt) ( % W t )  ('bWt) ( % W t )  

150 n i  1 -- _ _  99.0 
200 n i  1 1.0 0.1 98.5 
250 n i l  1.5 0.4 98.0 

300 n i  1 17.0 0.5 81 .O 
350 n i  1 30.0 1.0 68.1 
400 n i l  47.1 3.0 47.6 

Table 2 

A n a l y s i s  of  Gases 
( tempera tu re  of r e a c t i o n  = 4OOOC) 

Gas Composi t ion (%Wt) 

I*  I I**  - -  
Hydrogen < I  (1 
Methane 44.3 41.4 
E thy lene  2.2 2.8 

Ethane 
Propylene 
Propane 

11.1 17.7 
3.2 3.1 

15.0 18.3 

Butenes and Butanes 16.9 15.5 
Pentenes and Pentanes 6 .1  5.1 
co + co, < I  (1 

*I  - Low temperature cok ing .  
**I1  - Successive d i s t i l l a t i o n  and condensat ion.  

Table 3 

S p e c i f i c  Reac t ion  Rate Constants  a t  Var ious Temperatures 

Temperature P resen t  Work L i t e r a t u r e  Values'o 
"C sec- '  s e t - '  

475 

506 

525 

558 

575 

585 

610 

625 

0.026 

-_ 

0.046 

-- 

0.086 

-_  
-_  

0.178 

- -  

0.01 

- -  

0.04 

-- 

0. IO 

-0.15 

-- 
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